The effect of section modulus as estimated for tree stems of irregular cross section with hollow trunks on windthrow resistance was discussed. The sample trees were 12 aged poplar trees growing along the roadside in Sapporo. Binarized bitmap images of photographs of the crosscut surface of the sample tree stems were used to calculate numerical solutions for section moduli. The error for image resolution was simulated to less than 1% under the condition in which the image was divided into more than 400 pixels. The coefficient of variation in section modulus concerning six neutral axis directions in a horizontal plane was 11-14%. The reduction in section modulus caused by decay or hollow trunk was 36-56% of the full cross section. The effect of section modulus on critical wind velocity was found to be considerable. The critical wind velocity calculated for some of the sample trees was less than 40 m/s, and these trees were considered to be in danger of bending failure of the stems.
Introduction
Aged trees of large size having decayed hollow cross-sections growing along the roadside or in parks are in danger of windthrow by a gale, potentially causing damage to properties or personal injury. Therefore, reinforcement or felling of the trees is required. Recently, environmental protection concerns have resulted in a tendency for large trees to be maintained or preserved rather than felled. Therefore, the establishment of a method of quantitative evaluation for tree resistance to wind force is desirable.
The moment that causes windthrow is induced by the wind force applied on the tree crown and bole. Wind tunnel studies have been undertaken to obtain drag coefficients for various tree species [1] [2] [3] [4] [5] [6] . Mayhead 4 analyzed the test data from the full-scale experiments performed at a wind tunnel of the Royal Aircraft Establishment at Farnborough, UK in the 1960's. The results indicated a reduction in drag coefficient with increased wind velocity because the projected frontal area of the tree crown decreased with wind velocity. He concluded that the drag coefficients converged to nearly constant values at the range of wind velocity likely to cause windthrow. The drag coefficients at 30 m/sec were determined as 0.41 for tree species having a dense crown (grand fir and Sitka spruce), which receive a large wind pressure per projected area, and 0.31 for pines (Corsican pine, lodgepole pine, and Scots pine). Koizumi 7 discussed the failure mode and critical wind velocity for plantation grown coniferous species of 19to 45-year-old trees. The possible failure modes were classified into bending failure of tree stem and uprooting.
The critical height at which bending failure occurs was estimated to be approximately 20% of the tree height for plantation-grown conifers 7 . In contrast, aged trees having decayed or hollow trunks (examined in the present study) were estimated to fail at the stem, near the ground level, because of the decrease in effective cross section that is necessary to withstand the bending moment. Although Mattheck 8 indicated that the thin wall of the hollow tree trunk would fail by flattening of the cross section or by shell buckling, quantitative evaluation of the critical moment that causes flattening or shell buckling is difficult because the vertical expansion of the hollow in a trunk, as well as the horizontal distribution must be known.
The section modulus of an irregularly-shaped cross section, which determines the critical bending moment, could not be solved analytically. The goal of the present study is to discuss the method by which to evaluate the section modulus for trees having irregularly-shaped or hollow cross sections using bitmap images of photographs of the cross section of the tree stems. The critical wind velocity that causes bending failure was also estimated for the sample trees.
Materials and methods

Sample trees
The sample trees were twelve black poplars (Populus nigra var. italica) that were growing along a street running north to south on the campus of Hokkaido University, in Sapporo (Fig. 1) . The trees were planted in the 1930's and the ages of these trees were estimated to be approximately 60-70 years. Accurate ages could not be determined because the heartwood near the pith was lost due to decay. The trees were felled due to the potential for collapse based on a safety diagnosis by a tree doctor. The diagnosis report included measurements of the tree height, crown length, crown width, diameter at breast height, and diameter and thickness of sound wood without bark at the critical height near the ground level ( Table 1 ). The thickness of sound wood listed in Table 1 was measured by a tree doctor using a Resistograph 9 .
Evaluation of effective cross section
A butt log was collected from each tree after felling and the cross-cut surface at a height of one meter above ground level was photographed with a digital camera for evaluation of effective cross section. A one-meter-long bar lying across the crosscut surface was used as a scale pointing north and south directions ( Fig. 2a ). In order to determine the thickness of sound wood without decay, the penetrating depth parallel to the grain was measured using a Pilodyn tester every 20 mm from bark side in eight radial directions on the cross-cut surface, as shown in Fig. 2a . In order to discuss the relationship between penetration depth and the extent of decay, 36 small specimens (20 x 20 x 60 mm) were cut from the adjacent section of Pilodyn-tested points of sample logs and were tested for compressive strength parallel to the grain in green condition. After the test, the specimens were dried at 20ºC and 60%RH and were measured with respect to wood density. In addition, six small clear specimens (20 x 20 x 300 mm) were cut from upper logs of the sample trees and were tested in green condition for bending strength in order to estimate the critical wind velocity that causes breakage due to wind.
Evaluation of section modulus
Bitmap images of the photographs for the cross section were binarized into black and white images in which white areas represent wood (with or without decay) ( Figs. 2b and 2c ). The section modulus for the wood area was calculated based on the white areas of the binarized images as follows:
At first, the position of the neutral axis was determined by dividing the geometrical moment of the area by the area of the wood, according to the following equation, by scanning the images:
where λ 1 is the distance between a horizontal line passing through the lower edge of the wood area and the neutral axis, y is the distance between the horizontal line and a finite small area (dA) which was taken as a pixel among the white area in the binarized image (see Fig. 3 ).
To calculate for the cross section on which Young's modulus of the wood is not uniform, ydA and dA in Eq. 1 should be weighted with Young's modulus. In the present study, Young's modulus of the wood was assumed to be uniform over the wood area because it was difficult to weight with variable Young's modulus using a binarized image.
Then, the moment of inertia (I) and the section modulus (Z) were calculated by numerical analysis following Eqs.
and 3:
(2)
ritical wind velocity was estimated based on the simplification of assumptions as follows:
. Uniform wind pressure acts on the projected crown area (A) calculated as a product of the crown width and 
where v is the wind velocity (m/s). 
where ρ is the air density (1.20 kg/m 3 ), v c is the critical wind velocity, and σ b is the bending strength of the wood. Fig. 6 , the relationship between wood density (moisture content: 11%) and compressive strength e cross section than image, which spans 620 pixels in the direction of the major axis (Fig. 5 ). The ratios of the numerical solution to the analytical solution were less than 1.01 under the condition that the long diameter (2b o ) was divided into more than approximately 400 pixels for the images. Although the cross-sectional shapes of the sample trees were complicated with uneven circumferences, and thus more errors were included in the numerical solution compared to the case of a simple elliptical cylinder, the errors due to the image resolution were considered to be negligible because the resolution of the photograph for the sample trees exceeded 600 pixels in diameter. E A parallel to the grain of the small specimens in green condition changed at a wood density of approximately 240 kg/m 3 and a compressive strength of 10 MPa. The compressive strength for the parts of specimens that had wood densities of less than 240 kg/m 3 showed lower values than predicted by linear regression, and these parts were considered to contain decaying wood. This result was consistent with published data 10 for the specific gravity and compressive strength of balsam poplar (Populus balsamifera), which are 0.31 and 11.6 MPa, respectively. The penetration depth obtained using the Pilodyn tester is a good indicator of wood density 11 . Negative correlation between Pilodyn penetration and wood density for the small specimens was found, as shown in Fig. 7 . The boundary value between sound wood and decaying wood was taken to be 33 mm in Pilodyn penetration, which corresponds to a wood density of 240 kg/m 3 , according to the regression line shown in Fig. 7 .
The penetration depth obtained using the Pilodyn tester was greater on the inner side of th on the outer side ( Fig. 8) . According to the above definition, the distances from the outside surface to the boundary between the sound wood and the decaying wood were 8 cm on the west side and 10 cm on the southeast side, respectively. As an example, approximate boundaries determined for the sample tree (No. 5) are shown in The section modulus based and sound wood thickness of sample trees measured by a tree doctor in advance of felling (see Table 1 ):
where r o is the average radius of the trunk without bark and r i is average radius of the hollow space. lindrical Adequate correlation was found for the section modulus between the calculation based on the cy assumption and that based on Image A (Fig. 11 ). Average section modulus ratios were 1.024 and 0.824 for Z A /Z C and Z B /Z B ritical wind velocity ind velocity that causes bending failure for the sample trees were estimated by Eq. 6. The bending strength (σ b ) not al wind velocity in relation to tree location (Fig. 12 ) was similar to that of section onclusions he method of evaluating section modulus and its effects on windthrow resistance for poplar trees having . The section modulus of trees having an irregularly-shaped and hollow cross section could be calculated with 2.
ns was 11-14%.
section.
. C , respectively. Therefore, rough estimation of section modulus can be performed using the cylindrical-shape assumption. However, accurate estimation concerning individual trees and/or load directions should be based on numerical solutions that consider irregular shape.
C W for a poplar tree was assumed as 27.7 MPa, which was derived as the lower limit (fifth percentile) of the bending strength measured for the small clear specimens in the green condition. Effects of defects such as knots on bending properties for trees or logs are considered to be small, because wood fibers at the sapwood surface are cut by lumber sawing 12 .
The tendency of critic modulus shown in Fig. 10 . The effect of section modulus on critical wind velocity was found to be considerable.
The critical wind velocities calculated for five of 12 sample trees for Image B were less than 40 m/s, and these trees were considered to be in danger of windthrow because the maximum wind velocity adopted for the building design code for the Sapporo area is 32 m/s.
C
T irregularly-shaped cross sections were discussed and the following conclusions were obtained. 1 numerical analysis based on an image of the sound wood area. The error involved with image resolution was simulated to less than 1% when the image was divided into more than 400 pixels.
The coefficient of variation in section modulus concerning six neutral axis directio 3. The reduction in section modulus caused by decayed or hollow trunks was 36-56% of the full cross 4. Rough estimation of the average section modulus is possible based on the assumption of a cylindrical section However, accurate estimation for individual trees and/or load directions requires numerical solution considering irregular shape.
The effect of the s 5.
ection modulus on the critical wind velocity was found to be considerable. The critical wind
The failure modes of uprooting or shell buckling for thin-walled cylinders were not considered in the present of cross cut surfaces of sample trees were used for the analysis in the present study.
velocity calculated for some of the sample trees was less than 40 m/s and these trees were considered to be in danger of windthrow based on the assumptions used in this study.
study. The calculation for critical wind velocity was done based on average section modulus for six directions instead of minimum section modulus. Therefore, the critical wind velocity evaluated herein may be too large and overestimated.
Photographs
Non-destructive evaluation of effective cross section will be required for the purpose of safety diagnosis for trees in parks or along the roadside. 
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